4-octahedral distortion and rotation Fig. S1 . The selected PL spectra of ruby sphere under different pressures. Fig. S2 . SEM images on the section view of a typical as-grown crystal of (PEA) 2 PbI 4 . Fig. S3 . The first-principles calculation of band structure and bandgap evolution. Fig. S6 . The low-wave number Raman spectra and peak shift of (PEA) 2 PbI 4 under different pressures. Fig. S7 . The temperature-dependent PL spectra of (PEA) 2 PbI 4 . Fig. S8 . The biexponential fitting of the trPL spectra of (PEA) 2 PbI 4 under different pressures. Fig. S9 . The lattice angles of (PEA) 2 PbI 4 under different pressures. Fig. S10 . The octahedral distortion and rotation evaluated by synchrotron radiation XRD and first-principles calculation. Table S1 . The fitting parameters of trPL and calculated average PL lifetime.
Other Supplementary Material for this manuscript includes the following:
(available at advances.sciencemag.org/cgi/content/full/5/7/eaav9445/DC1) Movie S1 (.mp4 format). A video displaying the lattice structure evolution under pressure.
The ruby uorescence is measured simultaneously with measuring the photoluminescence of (PEA) 2 PbI 4 , using the same method (see main text). Two emission lines are observed, and the prime one (labeled with arrow in Fig. S1 ) is the so-called R 1 ruby uorescence line.
The R 1 line is labeled with arrow, the double-headed arrow denotes the range of pressure change. The peak positions of R 1 line and the related pressures are included in the gure legends.
The R 1 line shows strong red color (λ 0 ≈ 694.2 nm) under normal conditions and roughly linear dependence on pressure. Therefore, the spectral position of R 1 line can be used to obtain the pressure, using the empirical equation as following (27,28 )
where ∆λ is the dierence value between the measured wavelength λ and the initial wavelength λ 0 , and B = 7.665 is for quasi-hydrostatic conditions induced by in a diamond
Supplementary Materials
Section S1. Calibration of pressure using emission line of ruby sphere Fig. S1 . The selected PL spectra of ruby sphere under different pressures.
anvil cell (DAC). The photoluminescence spectra of a ruby sphere inside DAC under dierent pressures were displayed in Fig. S1 , where the peak position and calculated pressure value are labeled.
(a) is a low magnitude image. The scale bar is 100 µm. The dash-box indicates the crystal, where clear layered structure can be seen, showing the high crystal quality. (b) is a high magnitude image showing the zoom-in of the section view. The scale bar is 1 µm. From the image, the layers are highly oriented.
The SEM images for cross-section view of a typical (PEA) 2 PbI 4 crystal ake is shown in Fig. S2 . The crystal shows excellent crystal quality with highly oriented layers.
Section S2. Crystal quality and layer orientation of (PEA)2PbI4 flake 3.1 Band structure and evolution revealed by rst-principles calculation (a) Band structure of (PEA) 2 PbI 4 at 0 GPa along the high symmetric directions of the Brillouin zone. (b) The band gap evolution with increasing pressure.
In the main text, a selected fragment of the band structure has been shown in Fig. 5(d) .
Herein the full band structure along the high symmetric directions of the Brillouin zone is provided ( Fig. S3(a) ), with the band gap sitting at Γ point. As pressure increases, the band gap is getting narrowing (Fig. S3(b) ), which is consistent with the photoluminescence red-shift. 
Eective mass of electron/hole revealed by rst-principles calculation
The eective mass reducing is consistent with the band gap narrowing, indicating the mobility of the carriers become larger (more metallic). Moreover, the eective mass of the hole decreases much faster than the electron, which is another proof that the p-orbital from iodine dominates the valence band maximum and thus receives much stronger eects from the pressure than the s-orbital conduction band minimum. 3.3 Color changes of (PEA) 2 PbI 4 crystal under pressure
The dierent colors indicate that the absorption edge (band gap) changes with increasing pressure Fig. S5 displays four optical micrographs of the (PEA) 2 PbI 4 crystal sample inside DAC under dierent pressures. As pressure increases, the appearance of the sample changes from green color to red color. Color of the sample under a white-light illuminated microscope is determined by its absorption edge (band gap). The light with energy smaller than the band gap has more chances to be collected by the camera as the higher energy light will be absorbed. The red-shift of the crystal color under pressure indicates that more yellow light has been absorbed, therefore, the band gap of the (PEA) 2 PbI 4 crystal is getting narrowing. The observation is in good agreement with the photoluminescence measurement and rst-principles calculations of band structure. To evaluate the contribution from the weakening of quantum connement to the band gap red-shift under pressure, the multiple quantum well structure of (PEA) 2 PbI 4 can be simplied to a single type-I quantum well, as schematically shown in Fig. 5 (c) of the main text. The larger HOMO-LUMO gap of organic layer (comparing with energy gap of the inorganic layer) create the barrier potentials (U e and U h ) to conne the electron sand holes. Within these nite barrier potentials, the electron and hole both have bound states E n and H n (n = 1, 2, 3...). We can solve for these bound states using the standard quantum mechanics approach. The square-well potential with a width a is described by U (x) = 0 for |x| < a/2, and U (x) = U e(h) > 0 for |x| > a/2. The width here is the thickness of the [PbI 6 ] 4− octahedral layer. Since a only changes slightly from 0 to 4 GPa (6.53 to 6.34 Å), we x it at 6.53 Å to simplify the calculation. The time-independent Schrödinger equation is used
where m c is the eective mass of the electron or hole, which have been calculated and shown in Fig. S4 . The energy levels are obtained by nding the roots of the nonlinear equations using an iterative method. By varying the potential U (x), we sample some eigenvalues of rst and second bound states and plot them as function of barrier potential in main text Fig. 5 (e) (E 1 and H 1 are in orange and cyan; E 2 and H 2 are in gray). When the barrier potential is less than 4 eV, the second bound states lose their eigenvalues, which means they exceed the barrier potential well. As the barrier potentials become smaller, the energy of the bound states decrease (the bound states of hole have been changed sign to plot symmetrically with respect to the electron).
Section S4. Analyses of the quantum confinement effects under pressure barrier potential will decrease. The smaller potential can increase the chances for the electron (hole) to penetrate the barrier, making the wave function more leakage from the well. In other word, the quantum connement of the multiple quantum well structure is weakened and the energy level of E 1 and H 1 will get lower (closer to each other).
Since optical band gap we measured is equal to the energy dierence between the bound states E 1 and H 1 of the quantum well (as shown in Fig. 5(c) is around −250 meV. As a result, the weakening of quantum connement contributes signicantly (250/320) to the band gap red-shift in the optical reversible region. When the reversible region is reaching the end, the organic layer can not reduce thickness any longer, so the Pb-I bond distortion take over the band gap red-shift and result in sharp drop of quantum yield.
As the high pressure drastically reduces the thickness of the organic barrier layer, the (a) shows a typical low-wavenumber Raman spectrum of (PEA) 2 PbI 4 at 0 GPa. (b) denotes the pressure dependence of the Lorentzian tted peak position of the Raman peak with lowest wavenumber (peak 1 with red color in (a)).
The low-wavenumber Raman spectra of (PEA) 2 PbI 4 can be tted with several Lorentzian peaks, which can depict the raw data prole very well, as shown in Fig. S6(a) . Those Raman peaks relates to the intermolecular vibration modes between the ligands which are locating at the adjacent layers. All the peaks shift to higher frequency with increasing pressure, and can fully recover to original place if the pressure is released within the reversible region (< 3.5 GPa). We plot the peak position of the lowest Raman modes which is around 19.12 cm −1 at 0 GPa as function of pressure (Fig. S6(b) ). The evolution of the peak position during compression and decompression overlap, showing no hysteresis. This is another evidence that the lattice structure under pressure within 3.5 GPa is fully reversible and immediately responds to pressure changes. Section S5. The reversibility of (PEA)2PbI4 under pressure revealed by Raman spectra Fig. S6 . The low -wave number Raman spectra and peak shift of (PEA)2PbI4 under different pressures.
The PL spectra shown are taken at 295 K (room temperature), 80 K and 20 K. The two exciton peaks are robust from liquid helium temperature to room temperature. . S8 shows the biexponential tting of the trPL spectra of (PEA) 2 PbI 4 under dierent pressures, using the relationship where I 0 is the intensity oset generated by background signal. τ 1 , τ 2 and A 1 , A 2 are the lifetime and amplitude of the two exponential components. In Fig. S8(a) there is the tting of a typical trPL spectrum at 0 GPa, which can be well tted into two exponential parts with short and long lifetime, respectively. It is worthy to note that the intensity ratio between the two exciton peaks in the steady state PL matches the intensity ratio between the two decay components. This proves again the biexponential decay originates from the two types of excitons. Fig. S8(b) shows the pressure dependence of τ 1 and τ 2 . Fig.   S8(c) shows the ratio between A 1 and A 2 at dierent pressures. As the lifetimes of both decay components decrease with increasing pressure, the average PL lifetime decreases.
The tting parameters are shown in Table. Table S1 . The fitting parameters of trPL and calculated average PL lifetime.
In the main text we have shown that the (relative) quantum yield of (PEA) 2 PbI 4 is constant within reversible region, so the radiative recombination channels of the two types of excitons are ecient. To separately evaluate the radiative and non-radiative decay lifetime of halide perovskite, previously a dierential equation including mono-and bimolecular decay has been used to t the trPL spectra (39 )
where n(t) is the charge carrier density at time t, k mono and k bi are mono-and bimolecular decay rate. The bimolecular decay is a second-order process involving an electron and a hole (exciton) and related to radiative recombination, while monomolecular decay is a rst-order reaction related to non-radiative recombinations. However, the equation can not t the trPL spectra of (PEA) 2 PbI 4 , since there are multiple second order bimolecular recombinations (excitons). Other studies also reported unsuccessful tting of the trPL spectra of 2D perovskite due to the strongly conned excitons (40 ). These strongly conned excitons within the multiple quantum well structure will largely suppress the dissociation to free electrons and holes, therefore 100 % quantum yield was expected from 2D perovskite in early studies (16 ). But the virtual quantum yield of 2D perovskite is low. The possible reasons include trapping, exciton-phonon coupling and excitonexciton interaction. In order to clearly reveal the fraction of radiative and non-radiative combinations of (PEA) 2 PbI 4 , elaborate ultrafast spectroscopy measurement need to be done, which is beyond the scope of this research work.
To qualitatively analyze the radiative recombination rate and its pressure dependence, the pressure dependent relative quantum yield has been monitored using pressure-and uence-dependent PL spectroscopy. Then the following relationship between quantum Section S7. The enhancement of exciton radiative recombination yield and the radiative and non-radiative recombination rates can be used
as τ r and τ nr are the general radiative and non-radiative recombination lifetime which both contain contributions from the two types of excitons. The inverse values τ 
which relates η and τ to an immeasurable but really important quantum-mechanical parameter: lifetime of radiative recombination τ r . We have shown that in the reversible region τ keeps decreasing and η (η r ) is almost constant. It can be easily seen that τ r must decrease. From a fundamental view, this means the radiative recombination rate
is enhanced by pressure within 3.5 GPa. The results match the high-quality optical performance of (PEA) 2 PbI 4 in the reversible region.
(a) and (b) are regarding to XRD experiment using synchrotron radiation and rst-principles calculation, respectively. Fig. S9 shows the pressure dependence of lattice angles α, β, and γ based on renement of synchrotron XRD spectra, as well as rst-principles calculation. All the lattice angles keep constant within 6 GPa, indicating that the triclinic lattice structure is unchanged during this moderate pressure range which contains the reversible and radiative region. The bond length quadratic elongation and bond angle variance can be calculated under following equations (51 )
where d i are the Pb-I bond lengths, d 0 is the Pb-I bond length for a regular octahedron of the same volume ( λ is dimensionless and independent of the eective size of the octahedron); and
where α i are the I-Pb-I bond angles for the octahedra. 
